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Abstract: The idiopathic inflammatory myopathies (IIM) are systemic connective tissue diseases defined by chronic muscle inflammation and weakness associated with autoimmunity. We have performed low to high resolution molecular typing to assess the genetic variability of major histocompatibility complex loci (HLA-A, -B, -Cw, -DRB1, and -DQA1) in a large population of European American patients with IIM (n = 571) representing the major myositis autoantibody groups. We established that alleles of the 8.1 ancestral haplotype (8.1 AH) are important risk factors for the development of IIM in patients producing anti-synthetase/anti-Jo-1, -La, -PM/Scl, and -Ro autoantibodies. Moreover, a random forests classification analysis suggested that 8.1 AH-associated alleles B*0801 and DRB1*0301 are the principal HLA risk markers. In addition, we have identified several novel HLA susceptibility factors associated distinctively with particular myositisspecific (MSA) and myositis-associated autoantibody (MAA) groups of the IIM. IIM patients with anti-PL-7 (anti-threonyl-tRNA synthetase) autoantibodies have a unique HLA Class I risk allele, Cw*0304 (pcorr = 0.046), and lack the 8.1 AH markers associated with other anti-synthetase autoantibodies (for example, anti-Jo-1 and anti-PL-12). In addition, HLA-B*5001 and DQA1*0104 are novel potential risk factors among anti-signal recognition particle autoantibody-positive IIM patients (pcorr = 0.024 and p = 0.010, respectively). Among those patients with MAA, HLA DRB1*11 and DQA1*06 alleles were identified as risk factors for myositis patients with anti-Ku (pcorr = 0.041) and anti-La (pcorr = 0.023) autoantibodies, respectively. Amino acid sequence analysis of the HLA DRB1 third hypervariable region identified a consensus motif, 70 D (hydrophilic)/ 71 R (basic)/ 74 A (hydrophobic), conferring protection among patients producing anti-synthetase/anti-Jo-1 and -PM/Scl autoantibodies. Together, these data demonstrate that HLA signatures, comprising both risk and protective alleles or motifs, distinguish IIM patients with different myositis autoantibodies and may have diagnostic and pathogenic implications. Variations in associated polymorphisms for these immune response genes may reflect divergent pathogenic mechanisms and/or responses to unique environmental triggers in different groups of subjects resulting in the heterogeneous syndromes of the IIM. 
INTRODUCTION
T he idiopathic inflammatory myopathies (IIM) are a group of heterogeneous systemic autoimmune diseases with a primary feature of muscle inflammation of unknown cause resulting in chronic weakness 30 . These systemic autoimmune syndromes present clinically with symmetric, proximal muscle weakness; elevated muscle enzymes in serum; myopathic changes on electromyography; inflammatory muscle biopsies; and characteristic skin rashes in some cases. Therapy consists of immunosuppressive agents to reduce inflammation and rehabilitation to strengthen weakened muscles.
The IIM syndromes can be divided into multiple clinicopathologic and serologic groups based on distinct clinical signs and symptoms or on the presence of diseasespecific autoantibodies 30 . The 2 major clinicopathologic groups of IIM, dermatomyositis (DM) and polymyositis (PM) are distinguished clinically by the presence of photosensitive, pathognomonic rashes in DM. Inclusion body myositis (IBM) shares many of the features of PM but the diagnosis is based on unique histopathologic findings of inclusions in myofibers with surrounding inflammation. Autoantibody subgroups based on the presence of myositis-specific (MSA) and myositis-associated autoantibodies (MAA) have been associated often with different epidemiologic, clinical, prognostic, and immunogenetic features 27 .
Autoimmune diseases likely result after chronic immune activation in genetically susceptible individuals following specific environmental exposures. This concept is supported in myositis by familial clustering, immunogenetic associations with IIM, temporal associations of disease onset with drugs and other environmental agents in certain individuals, and seasonal and geographic clustering of myositis onset 39 . Certain polymorphic immune response genes have been associated with myositis; most notable among these are genes of the major histocompatibility complex (MHC) that play an important role in adaptive immunity. Genes encoding human MHC Class I (HLA-A, -B, -Cw) and Class II (HLA-DR, -DQ, -DP) molecules are the most polymorphic in the human genome and among the strongest and most consistently identified genetic factors associated with the development of human autoimmune diseases including IIM 1, 9, 25, 27, 33, 51 .
We and others have documented the association of the northwestern European 8.1 ancestral haplotype (8.1 AH) (containing HLA-A*0101; B*0801; Cw*0701; DRB1*0301; DQA1*0501) with the development of IIM in small cohorts of European American (EA) patients 1, 23, 25, 27, 40, 43, 44 . In addition, we have more recently identified several novel HLA factors associated distinctly with 1 or more clinicopathologic groups of IIM patients 34 . In the present study, we have examined the allelic variability of HLA-A, -B, -Cw, -DRB1, and -DQA1 determinants in a large population of EA myositis patients (n = 571) to assess genetic susceptibility in different autoantibody groups (MSA and/or MAA) of the IIM.
PATIENTS AND METHODS

Study Subjects
EA adult-onset myositis cases and unrelated healthy controls were identified for this study from subjects referred to protocols involving the pathogenesis and treatment of myositis at the National Institutes of Heath Warren Grant Magnuson Clinical Center and the United States Food and Drug Administration between 1983 and 2002 (411 IIM cases and 377 controls). Additional case and control data from this period were provided from collaborators at the University of Texas-Houston Health Science Center, Houston, TX (86 IIM cases and 208 controls); Mayo Clinic, Rochester, MN (41 IIM cases); and the University of Pittsburgh Medical Center, Pittsburgh, PA (65 IIM cases and 196 controls) 22, 31 . All subjects were enrolled in investigational review board-approved clinical protocols. Patients were defined as those meeting probable or definite PM or DM 3 or IBM 27 and required the exclusion of inherited, metabolic, or infectious myopathies and other causes of muscle disease. The myositis overlap group was defined when patients met the criteria above and also criteria for another defined connective tissue disease; cancer-associated myositis was defined when cancer was diagnosed within 2years of myositis. Some of these data have been reported in previous studies 1, 27 .
Laboratory Procedures
Purified genomic DNA was utilized for low to high resolution MHC Class I (HLA-A, -B, -Cw) and Class II (HLA-DRB1 and -DQA1) typing of all presently identified alleles using a combination of laboratory-designed and commercial reagents for PCR-mediated sequence-specific oligonucleotide probe hybridization and sequence-specific priming techniques according to manufacturers' recommendations when applicable (Genovison, West Chester, PA and Dynal Biotech, Lafayette Hill, PA). Complete highresolution genotyping at the HLA-A, B, Cw, DRB1, and DQA1 loci was obtained based on the availability of sufficient high-quality genomic DNA; additional genotyping results were available from the referral centers. Allele frequencies were determined by the number of allele-positive subjects divided by the total number of subjects for which complete low-or high-resolution HLA data were available at a given locus. HLA allele assignments were consistent with the World Health Organization Nomenclature Committee for Factors of the HLA System (13th International Histocompatibility Workshop, Victoria, Canada).
Hyperdiversity region sequence motifs shared among DRB1 alleles were screened by comparing between cases and controls the combined frequency of all alleles possessing the putative peptide-binding motif. HLA DRB1 restrictive supertype patterns (RSP) were defined as follows: RSP ''A'' (DRB1*0101, *0102, *0401, *0404, *0405, *0408, *1001, *1402); RSP ''R'' (DRB1*0301, *0302); RSP ''E'' (DRB1*0403, *0406, *0407, *0901, *1401); RSP ''Q'' (DRB1*0701); RSP ''Dr'' (DRB1*08, *1101, *1104, *1105, *1106, *12, *1303, *16); RSP ''a'' (DRB1*1501, *1502); RSP ''De'' (DRB1*0103, *0402, *1102, *1103, *1301, *1302, *1304) 15 .
Myositis-specific (anti-synthetase, anti-signal recognition particle [SRP], anti-Mi-2) and myositis-associated (anti-Ku, -La, -Ro, -RNP, -PM/Scl) autoantibodies were identified in serum samples using previously validated methods of protein and RNA immunoprecipitation and double immunodiffusion 49, 50 .
Statistical Analyses
Analyses were performed using the SAS System for Windows, version 8.02 (SAS Institute, Cary, NC). The Fisher exact test was used to calculate p values for 2 Â 2 tables. To correct for multiple comparisons, the sequential Holm procedure was applied 20 . We defined p values as significant when the adjusted p values were at or below the 0.05 level. The size of the family (k value) over which the Holm procedure was applied varied by the number of testable factors in each group of comparisons. The relative importance that individual HLA alleles confer upon genetic predisposition to disease were estimated using a statistical learning machine 12 using the random forests algorithm developed by Leo Breiman and Adele Cutler (http://statwww.berkeley.edu/users/breiman/RandomForests/). Random forests (RF) is a prediction and classification tool that generates rank estimates of variable importance and approximates case proximities within clusters. Briefly, open source RF code adapted for the R programming language by Drs. Andy Liaw and Matthew Weiner (Merck Biometrics Research Laboratories) was used for all analyses 45 . All alleles comprising complete high resolution typing data for either HLA Class I (A, B, and Cw) or Class II (DRB1 and DQA1) loci among cases defining different IIM serogroups (MSA or MAA) and controls were classified using RF models each containing 500 independent classification trees. Individual decision trees were constructed from combined, unmatched case and control training datasets using bootstrap sampling with replacement (equal size samples from cases and controls) and random variable selection. RF uses a majority vote across the separate trees and classification was performed on test cases and controls left out of the modeling dataset from each of the respective decision trees. In this fashion, training and test data are randomly re-utilized in the construction of individual decision trees with an ''out-ofbag'' estimate of error rates. All allelic variables in the test population were ranked by their relative importance in discriminating case and control test subjects. We also performed traditional logistic regression analyses as an independent means of corroborating our RF modeling. Thus, to test the hypothesis that specific HLA alleles are associated with IIM, we used SAS E-Guide 2.0 to fit a main effects logistic regression model with controls as the modeled outcome. The global test for the null hypothesis resulted in a likelihood ratio p value of <0.0001 for both HLA Class I and Class II factor analyses (c-statistic = 0.863 and 0.857, respectively), indicating that the models were a good fit and had reasonable predictive power 26 . The estimated logistic regression model for the HLA Class I analysis is the fol-lowing: logit(p) = À1.41+(À0.56_A*0101)+(3.98_B*0702) + (1.06_B*0801) + (0.80_Cw*0701) + (À4.28_Cw*0702). The estimated logistic regression model for the HLA Class II analysis is the following: logit(p) = À2.62 + (À0.56_DRB1* 0101) + (1.42_DRB1*0301) + (1.02_DRB1*0701) + (À1.85_ DQA1* 0201) + (À0.07_DQA1*0501).
RESULTS
Overview of the Study Population
MSA and MAA were each detected among approximately one-third of the 603 IIM patients surveyed ( Table 1 ). Female to male ratios among individual MSA and MAA subgroups generally reflected the bias of the total IIM patient population ($2:1). Anti-synthetase autoantibodies were those most frequently detected among all MSA (22%), and anti-Jo-1 comprised 73% of the anti-synthetase subgroup. Anti-EJ (anti-glycyl-tRNA synthetase) autoantibodies had the lowest frequency among all MSA (0.5%). As expected, anti-Mi-2 and -SRP autoantibodies were detected primarily among DM (92%) and PM (95%) patients, respectively. MSA were found in low frequency in cancer-associated myositis and were not detected among the 47 IBM patients surveyed. MAA were detected among 59.4% of the patients in the connective tissue disease-myositis overlap group; a result likely consistent with the broader spectrum of connective tissue diseases represented in the overlap group.
Analyses examining the coincident detection of individual MSA and MAA in IIM patients revealed that no patient had more than 1 MSA, and the frequency of patients coproducing any combination of MSA and MAA serogroups was relatively low (MSA+MAA+ = 6.1%). Other findings included the infrequent codetection of anti-PM/Scl autoantibodies with any MSA serogroup (0.2%, pcorr < 0.0001); a negative association largely attributable to anti-Jo-1 given its prevalence among the MSA. A similar negative association was observed between anti-Jo-1-and anti-RNP-positive patients (0.3%, pcorr = 0.0082) as well as between anti-Mi-2 and any MAA serogroup (0.2%, pcorr = 0.0004).
HLA Associations With IIM MSA and MAA Serogroups
HLA alleles found to be significant risk or protective factors for MSA subgroups of the IIM (pcorr < 0.05 after correction for multiple comparisons) are summarized in Table 2 . The identification of HLA A*01, B*08, Cw*0701, DRB1*0301, and DQA1*0501 alleles as risk factors for antisynthetase/anti-Jo-1-positive IIM is consistent with an extended haplotype in linkage disequilibrium (that is, the 8.1 AH) prevalent among those of northwestern European descent. Our previous observations revealed the importance of genetic factors possibly mapping between and including the HLA-B*08 and DRB1*0301 fragment of the 8.1 AH in IIM and all clinicopathologic groups 34 . While these genetic factors are associated with IIM irrespective of autoantibody status, it is clear that they are even more strongly associated with anti-Jo-1 autoantibodies compared to patients without defined autoantibodies (for example, the DRB1*0301 risk factors in anti-Jo-1-positive and MSA-negative IIM patients have odds ratios [OR] of 15.5 and 3.6, respectively; see Table 2 ). Moreover, a significant difference exists in the frequency of DRB1*0301 between anti-Jo-1-positive and MSA-negative IIM patients (82.1% vs. 51.9%; pcorr < 0.0001), suggesting that the anti-Jo-1 marker may define a more homogeneous population of IIM patients.
The linked alleles DRB1*0701 and DQA1*0201 were identified as protective factors for development of antisynthetase/anti-Jo-1 autoantibodies (see Table 2 ). In contrast, these same alleles represent risk factors for development of anti-Mi-2 autoantibodies, as observed previously 7, 27, 29, 44 . This finding is consistent with the mutually exclusive production of each of these autoantibodies in IIM patients (that is, each MSA-positive patient almost invariably produces a single MSA). The DQA1*0201 allele was also observed as a protective factor among MSA-negative patients (pcorr = 0.0008). The frequently linked alleles DRB1*01 and DQA1*0101 were also identified as novel protective factors for development of the anti-synthetase/ anti-Jo-1 autoantibodies compared to controls. In this instance, it appears the protective effect is dependent on anti-Jo-1 positivity, considering that MSA-negative patients exhibit no such effect.
Additional HLA alleles, Cw*04 and DRB1*1501, were identified as susceptibility factors for anti-synthetase and anti-Jo-1 autoantibodies, respectively. The DRB1*1501 association with anti-synthetase may be explained by inclusion of anti-PL-7 (anti-threonyl tRNA synthetase)-positive patients wherein DRB1*1501 allele frequency is increased compared to MSA-negative patients (53.8% vs. 13.6%, pcorr = 0.039). In addition, HLA-Cw*0304 appears to be a risk factor attributable to the presence of anti-PL-7 autoantibodies compared to both MSA-negative patients and controls. In contrast, DQA1*0501 allele carriage is significantly less frequent among anti-PL-7-positive patients (8.3% vs. 64% MSA-negative patients, pcorr = 0.002). Novel HLA associations were identified among the small number of anti-SRPpositive patients analyzed; HLA-B*5001 and DQA1*0104 alleles were each overrepresented in SRP patients relative to MSA-negative patients and controls.
As summarized in Table 3 , alleles comprising the 8.1 AH were also identified as HLA risk factors for different MAA subgroups of IIM patients (that is, anti-La, -PM/Scl, and -Ro). One notable exception was seen in patients producing anti-Ku autoantibodies wherein DRB1*11 alleles were detected as prominent risk factors. In addition, DRB1*15/*16 (DR2) and DQA1*0101 alleles, commonly Abbreviations: CTM = connective tissue disease myositis overlap; CAM = cancer-associated myositis. Anti-synthetases: anti-Jo-1 = anti-histidyl-tRNA synthetase; anti-PL-7 = anti-threonyl-tRNA synthetase; anti-PL-12 = anti-alanyl-tRNA synthetase; anti-OJ = anti-isoleucyl-tRNA synthetase; anti-EJ = antiglycyl-tRNA synthetase.
*Of the 603 total patients (including 32 patients for whom HLA data were unavailable), 410 (68%) were female and 193 (32%) were male. found in linkage disequilibrium, were identified as protective factors for the PM/Scl subgroup. The association of the DQA1*0201 protective factor among anti-Ro-positive patients was also observed in MAA-negative patients compared to controls, suggesting that the association is not autoantibody specific but rather attributable to the PM clinical phenotype as described previously 34 , since approximately 43% of anti-Ro-positive IIM patients have PM. In addition to the DRB1*0301 risk and DRB1*0701, DQA1*0201 protective factors, we identified several HLA Class I risk factors associated with patients without myositis autoantibodies (those without either MSA or MAA). These included A*68 (OR, 6.6; pcorr = 0.0025), B*15 (OR, 4.3; pcorr = 0.0020), and C*14 (OR, 14.8; pcorr = 0.023). These HLA Class I alleles, which are infrequent and typically unlinked in EA populations, were previously identified as possible risk factors in PM, DM, and IBM patients analyzed irrespective of autoantibody status 34 . Together, the data suggest that these HLA Class I allele groups may represent independent risk factors in a subset of MSA/MAA-negative IIM patients.
HLA Associations Among Combined Clinical and Serologic Subgroups of IIM Patients
Because of the known HLA associations with different clinicopathologic groups 34 , we analyzed associations with MSA and MAA in the context of these clinicopathologic groups (Table 4 ). Alleles consistent with the 8.1 AH are prominent risk factors associated with PM and DM patients expressing anti-synthetase autoantibodies, and anti-Jo-1 autoantibodies in particular. Among these alleles, DRB1*0301 was the only risk factor detected consistently among MSA-negative PM and DM patients despite having lower OR values (OR, 3.6 and 3.2, respectively) than their anti-synthetasepositive (OR, 9.4 and 8.1, respectively) or anti-Jo-1-positive counterparts (OR, 15.5). The DQA1*0201 allele was identified as a protective factor for anti-synthetase/anti-Jo-1positive PM and DM patients (see Table 4 ). The protective association of DQA1*0201 among MSA-negative IIM patients suggests that while this factor may not be MSA dependent, the strength of association increases among antisynthetase/anti-Jo-1-positive patients (for example, OR = 0.5 and 0.1 in MSA-negative vs. anti-Jo-1-positive IIM, respectively) (see Table 2 ). Conversely, DQA1*0201 and its frequently linked allele DRB1*0701 were identified as risk factors for DM patients producing anti-Mi-2 autoantibodies; a clinical subgroup of IIM patients in which these autoantibodies are frequently detected (84.2%). Consistent with what was observed among total IIM patients, linked alleles DRB1*01 and DQA1*0101 were identified as protective factors among anti-synthetase-positive PM patients although these same alleles were similarly protective for total DM patients independent of MSA status as reported previously 34 . We note that novel HLA risk factors consistent with the B*15, Cw*0304 haplotype were associated with anti-PL-7-positive PM patients.
Although the number of subjects is more limited for some of the subgroups and make estimates less precise, various risk factors consistent with alleles of the 8.1 AH were also detected among PM, DM, and IBM patients producing anti-La, -PM/Scl, and -Ro MAA as summarized in Table 5 . Notable exceptions included increased frequencies of DRB1*1104 detection among anti-Ku-positive PM patients (75% vs. 4.2% and 6.3% of MAA-negative patients and controls, respectively), DQA1*06 alleles among anti-La-positive The number (N) of allele-positive subjects/the total number of subjects for whom complete low-or high-resolution HLA data were available at a given locus. Table excludes CAM patients. Alleles identified as potential protective factors for the IIM are listed in italics. Additional comparisons of connective tissue disease myositis overlap patients (CTM) with their respective non-overlap PM, DM, and IBM groups did not reveal any significant differences in HLA allele frequencies (data not shown). Therefore, myositis overlap patients (CTM-PM, CTM-DM, and CTM-IBM) were included in the respective PM, DM, and IBM clinical groups for the comparisons described above.
DM patients and HLA-B*4501 among anti-PM/Scl-positive PM patients. Although DQA1*01 protective alleles were again detected among PM/Scl-positive patients (PM and DM), the further identification of DQA1*03 alleles as protective was unexpected given our prior definition of DQA1*0301 as a possible risk factor for PM and DM 34 . Together, these data suggest that in addition to shared HLA susceptibility factors, combined clinical and serologic groups of IIM patients have distinct immunogenetic features perhaps consistent with different etiopathogenic pathways of disease development.
Interrelationships of HLA allele associations among IIM MSA and MAA Serogroups
The interrelationships of HLA alleles identified as potential susceptibility factors were compared among different MSA and MAA serogroups of the IIM (Figure 1) . As described above, alleles consistent with the 8.1 AH and the DRB1*0301 allele in particular were shared among the anti-synthetase (comprised principally of anti-Jo-1-positive patients), anti-PM/Scl, anti-Ro, and anti-La autoantibody groups. Despite these similarities, other HLA associations were characteristic of 1 or more myositis autoantibody groups. The DQA1*0201 protective factor was identified among anti-synthetase/anti-Jo-1-and anti-Ro-positive patients, while the DQA1*01 allele (commonly linked with DRB1*01) was shared among anti-synthetase/anti-Jo-1 and anti-PM/Scl patients. HLA-DR2 alleles (DRB1*15/*16) were observed as unique protective factors among anti-PM/ Scl-positive patients. Other autoantibody groups displayed highly distinctive patterns of allele associations, including HLA-Cw*0304, DRB1*11, and commonly linked alleles DRB1*0701 and DQA1*0201, which were identified as risk factors among the anti-PL-7, -Ku and -Mi-2 autoantibodypositive patients, respectively. In addition, HLA B*5001 and DQA1*0104 alleles were identified as possible risk determinants among anti-SRP-positive patients (pcorr = 0.024 and p = 0.010 vs. controls, respectively) although statistical significance for DQA1*0104 was lost (pcorr > 0.05) after correction for multiple comparisons.
Random Forests Classification Analyses
Among the HLA alleles found associated with the IIM in this study, it is uncertain which factors play a legitimate role in disease predisposition and which are associated as the result of haplotypic linkage disequilibrium. To better define the relative importance of individual HLA susceptibility alleles in discriminating IIM cases and controls, we utilized a random forests (RF) classification algorithm. All HLA Class I (A, B, and Cw) or Class II (DRB1 and DQA1) alleles identified among different myositis autoantibody (MSA and MAA) and clinical groups of disease (IIM, PM, DM, or IBM) and controls were analyzed by RF modeling. As summarized in Table 6 , HLA alleles identified as potential risk or protective factors for different MSA serogroups (antisynthetase, Jo-1, -PL-7, -Mi-2, and -SRP) in univariate analyses are shown ranked by their relative importance in effectively classifying IIM cases and controls. Among the HLA Class I variables, the tightly linked HLA-B*0801 and Cw*0701 alleles of the 8.1 AH consistently ranked highest for anti-synthetase/anti-Jo-1-positive IIM, PM and DM patients. Similarly, the DRB1*0301 allele ranked first among these same groups of patients confirming the importance of the 8.1 Cw-B-DRB1 haplotype fragment in disease susceptibility. The Class II DRB1*0301 linked allele, DQA1*0501, ranked considerably lower than DRB1*0301 in each analysis, again confirming that DRB1*0301 itself or a more closely linked gene(s) is the primary anti-synthetase/anti-Jo-1-associated Class II risk factor. A combined RF analysis of all Class I and Class II alleles, while more restricted by smaller numbers of cases and controls for which complete The number (N) of allele-positive subjects/the total number of subjects for whom complete low-or high-resolution HLA data were available at a given locus. The number (N) of allele-positive subjects/the total number of subjects for whom complete low-or high-resolution HLA data were available at a given locus. high-resolution data were available across all 5 HLA loci (A, B, Cw, DRB1, and DQA1), again indicated that HLA-B*0801 and DRB1*0301 ranked highest for the accurate classification of anti-Jo-1-positive IIM cases and controls (data not shown). Additionally, a direct comparison of IIM cases and controls that were HLA-B*0801 positive and DRB1*0301 negative, or conversely were HLA-B*0801 negative and DRB1*0301 positive, in an attempt to determine the primary risk allele detected no significant differences between the groups (data not shown). RF analyses of other MSA serotypes ranked HLA risk factors Cw*0304, DRB1*0701, and possibly DQA1*0104 as important classifiers of anti-PL-7-, -Mi-2-, and -SRPpositive PM, DM, and IIM patients, respectively.
Similar to the anti-synthetase/anti-Jo-1 analyses described above, RF classification of MAA serogroups anti-PM/Scl, -Ro, and -La revealed that alleles of the 8.1 AH haploblock Cw*0701-B*0801-DRB1*0301 were the most reliable predictors of IIM cases and controls (Table 7) . One notable exception included the high ranking of the 8.1associated allele HLA-A*0101 as an important classifier of anti-PM/Scl-positive IIM and PM patients, although the number of subjects analyzed was more limited. Nevertheless, these data suggest that HLA-A*0101 or a more closely linked gene(s) may be a risk factor independent of DRB1*0301. Lastly, the DRB1*1104 allele ranked first among all predictors of anti-Ku-positive PM, although only a small number of subjects were available for study.
Traditional logistic regression analyses were used to corroborate these findings independently. For example, a comparative analysis of anti-Jo-1-positive IIM patients ranked HLA-B*0801 (p = 0.025; OR, 8.3; 95% confidence interval [CI], 1.3-53.0) and DRB1*0301 (p < 0.0001; OR, 17.1; 95% CI, 6.7-43.3) highest among the HLA Class I and Class II alleles discriminating IIM cases and controls, respectively. These data suggest that HLA-B*0801, DRB1*0301, and possibly intervening genes of the 8.1 AH HLA Class III region, are important risk factors for the IIM. The strong and consistent association of the DRB1*0301 allele compared to HLA-B*0801 suggests that additional genetic risk factors associated with the 8.1 AH may map closer to and possibly include determinants of the HLA Class III region.
HLA Peptide-Binding Motifs Among IIM MSA and MAA Serogroups
Given the implied importance of HLA-DRB1 alleles to susceptibility for a host of autoimmune diseases including the IIM, we chose to examine a series of primary amino acid sequence motifs mapping within the third hypervariable region (HVR3) of the DRB1 gene and comprising functional contact residues within pocket 4 of the MHC peptide-binding groove (amino acid positions 70, 71, and 74). As defined in Patients and Methods, these RSP motifs were functionally stratified according to consensus HVR3 amino acid sequences with well-characterized peptide-and/or T-cell receptorbinding properties 36 . As anticipated, the RSP ''R'' motif (Q/ K/R) representing the HVR3 domain of DRB1*0301 was a significant risk factor for IIM patients with anti-synthetase, -Jo-1, -PL-12, -PM/Scl, -Ro, and -La serotypes ( Table 8) . Three different RSP motifs (''A,'' ''Q,'' and ''Dr'') were each detected at significantly lower frequencies among antisynthetase/anti-Jo-1-positive patients. The putatively protective association of the RSP ''A'' and ''Q'' motifs are likely attributable to the DRB1*01 and DRB1*07 associations described previously. Curiously, the RSP ''Dr'' motif is comprised of a complex mixture of DRB1 alleles (see Patients and Methods), none of which is independently associated with the IIM. Notable among the RSP ''A,'' ''Q,'' and ''Dr'' protective motifs are amino acid residues shared among 2 or more motifs ( 70 D [hydrophilic]/ 71 R [basic]/ 74 A [hydrophobic]). RSP ''A'' and ''Dr'' motifs were also identified as statistically significant protective motifs among anti-PM/Scl-positive patients. The RSP ''a'' motif identified among anti-synthetase-and -PL-7-positive patients appears to be of lesser importance as it is not significantly increased in frequency relative to controls but rather clearly distinguishes anti-synthetase-and -PL-7-positive from MSAnegative patients. As expected, the DRB1*0701 defined RSP ''Q'' motif was identified as a significant risk factor for 
DISCUSSION
To our knowledge, the current study is the largest immunogenetic study of HLA Class I and Class II allelic associations in the IIM to date. We have both confirmed certain previous findings and identified a number of novel genetic risk and protective factors for the development of different MSA and MAA. Among the heterogeneous IIM syndromes, myositis autoantibodies, and particularly those that are disease specific (that is, MSA), have proven invaluable in classifying patients into more homogeneous groups in regard to various clinical, diagnostic, immunopathologic, therapeutic, and prognostic features 30 . Previous studies in our laboratory and by other authors have further demonstrated that myositis autoantibody-defined subgroups of patients share distinct immunogenetic features, observations perhaps consistent with alternative pathways of disease development 1, 7, 11, 27, 29, 40, 44 . Among the 603 IIM patients for which serologic data were available, we detected various MSA and MAA serotypes at frequencies consistent with those reported for several distinct European and North American populations 1, 4, 19, 54 . Other studies reporting higher or lower frequencies of myositis autoantibody detection might possibly be explained by methodologic variations, referral bias resulting in different patient populations, and/or smaller sample sizes 14, 24 . We also observed that the overall frequency of MSA and MAA codetection among individual patients was low with the possible exception of anti-Jo-1 and anti-Ro coreactivities (detected in approximately 6% of patients). Other studies have reported considerably higher frequencies of anti-Jo-1 and anti-Ro codetection, which may be due to referral bias, patient heterogeneity, and/or variable study methodologies 1, 42 .
Polymorphic gene variants of the human MHC are among the strongest and most consistent genetic factors associated with autoimmune disease 9, 33, 51 . The relationship between MHC genetic variability and autoimmune disease susceptibility may relate to the essential role MHC molecules play in T-cell receptor repertoire development, peripheral tolerance to self-antigens, and regulating the types and degree of immune responses to environmental agents 13, 28, 51 . Since the ability to develop specific lymphocyte-mediated immune responses depends on selective peptide antigen presentation by HLA molecules, the dysregulation of MHC-mediated functions may contribute to a loss of self-tolerance and resultant autoimmune pathology. A direct role for MHC in disease susceptibility has been demonstrated convincingly by the capacity for certain HLA alleles to confer autoimmune pathologies in various transgenic rodent models of human disease 41, 46, 48 .
Previous studies of HLA associations with IIM were often limited by lower resolution serologic typing and/or small numbers of subjects. In our present study, we performed low to high resolution molecular typing (PCR-SSP and -SSOPH) to characterize the allelic variability of HLA-A, -B, -Cw, -DRB1, and -DQA1 determinants in a large population of EA IIM patients (n = 571) representing the major MSA and MAA serogroups. We hypothesized that an adequately powered study of genetic variation among the IIM serogroups might permit the identification of specific HLA alleles or groups of HLA alleles with common amino acid peptide-binding motifs.
To this end, we have corroborated earlier reports describing associations of HLA alleles comprising the The number (N) of allele-positive subjects/the total number of subjects for whom complete low-or high-resolution HLA data were available at a given locus. Caucasian 8.1 AH with particular MSA (anti-Jo-1) and MAA (anti-Ro, -PM/Scl, and -La) serogroups 1, 11, 27, 43, 44 . Moreover, we have extended previous findings of genetically linked myositis-associated risk factors (DRB1*0301; DQA1*0501; DQB1*0201) to include high-resolution Class I data (HLA-A*0101; B*0801; Cw*0701), further supporting an important role for the 8.1 AH. The 8.1 AH is the most common haplotype among EA subjects, and its constituent alleles have been identified as risk factors for many autoimmune diseases (for example, systemic lupus erythematosus, Sjögren syndrome, myasthenia gravis, insulin-dependent diabetes mellitus, and Graves disease) and other immune abnormalities 6, 47, 52 . Increasing evidence suggests that polymorphic variants of multiple immune response genes residing along the 8.1 AH (for example, HLA Class III loci) play important roles in immune regulation and may also contribute to disease susceptibility 6, 17, 37 . Yet, despite the prevalence of 8.1 AH alleles in the EA population, only a small fraction of these individuals will ever develop an autoimmune pathology. It is conceivable that 8.1 AH gene variants, in combination with other predisposing genetic factors and environmental exposures, may subvert fundamental pathways of immune regulation. These primary deregulating events may comprise a shared pathogenic pathway among multiple immune disorders. Additional genetic factors and environmental exposures along with various stochastic and epigenetic events may ultimately define the tissue-specificity or prevailing clinical phenotype of a particular disorder (for example, IIM vs. systemic lupus erythematosus). These observations highlight the complexity, polygenicity, and multifactorial nature of autoimmune disease susceptibility 9 . It is also likely that genetic and environmental risk and protective factors differ in various subsets or in particular phenotypes of patients as defined by current criteria, as well as in various ethnogeographic groups, further complicating our understanding of the complex pathogenesis of autoimmunity 35, 43, 44 .
In addition to alleles of the 8.1 AH, we also identified several novel genetic markers that are associated uniquely with 1 or more serogroups of EA IIM patients. Most notably, HLA associations with anti-PL-7, an autoantibody targeting threonyl tRNA synthetase, clearly differed from other anti-synthetase associations in lacking 8.1 AH-derived risk factors (for example, DRB1*0301) and having an unusual HLA Class I association (Cw*0304). We have also identified a novel association in a small number of anti-Kupositive patients with HLA DRB1*1104. A previous study assessing a larger group of anti-Ku-positive patients revealed a strong association with the DQw1 marker; a group of DQB1 alleles from which 2 alleles (DQB1*0502 and *0603) exist in linkage disequilibrium with DRB1*1104 53 . These data are in contrast to a Polish IIM study wherein anti-Kupositive patients shared the DRB1*0301, DQA1*0501 association 18 . Also, our analyses failed to confirm a previous report of a DR5 (particular alleles of DRB1*11/*12 groups) association with SRP-positive PM patients 27 . Here, we have described novel associations between the anti-SRP serogroup and HLA-B*5001 and possibly DQA1*0104. The relatively small number of patients with anti-SRP autoantibodies, however, limits the power of these findings.
More surprising was the identification of 3 independent HLA Class I associations (HLA-A*68, B*15, and Cw*14) with a subset of IIM patients characterized as MSA/ MAA double negatives. In a previous report, we identified each of these alleles as risk factors for IIM irrespective of serologic status 34 . While each of these HLA Class I allele groups is less prevalent in the EA population overall, the MSA/MAA-negative patients had higher OR values relative to their unstratified counterparts compared to controls (data not shown). These data suggest that a proportion of seronegative IIM patients have unique risk factors in addition to those associated with alleles of the 8.1 AH.
Random forests analysis is a powerful and robust prediction and classification tool employed in the study of large and complex datasets (for example, tumor cell microarray, high-throughput structural genomics, and multivariate mapping of complex traits) 5, 16, 21, 55 . Of particular interest is the potential for RF to rank variable importance by testing the effects of randomly chosen and independent variables on prediction accuracy (that is, discriminating cases and controls). Among the linked alleles of the 8.1 AH, multivariate RF analyses consistently ranked the HLA-B*0801/Cw*0701 and DRB1*0301 alleles as the strongest discriminators of IIM cases and controls among antisynthetase/anti-Jo-1, -PM/Scl, -Ro, and -La autoantibodypositive patients. These RF data, in combination with traditional logistic regression analyses, indicated the importance of DRB1*0301, and possibly linked alleles of the HLA Class III region, as important risk factors associated with the IIM, in contrast to the tightly linked DQA1*0501 allele also found in the extended 8.1 AH. Other HLA alleles, including Cw*0304, DRB1*0701, B*5001/DQA1*0104, and DRB1* 1104, were accurate predictors among anti-PL-7-, -Mi-2-, -SRP-, and -Ku-positive IIM patients, respectively. Collectively, these analyses provide considerable utility in distinguishing primary susceptibility factors from other alleles in linkage disequilibrium that are frequently coidentified in univariate analyses.
A higher resolution analysis of DRB1 HVR3 functional domains (RSP motifs) revealed the expected associations between DRB1*0301 (RSP ''R'')-and *0701 (RSP ''Q'')-derived motifs and the anti-synthetase/anti-Jo-1, -PL-12, -PM/Scl, -Ro, -La, and anti-Mi-2 serotypes, respectively. Additionally, we have proposed a consensus sequence ( 70 D/ 71 R/ 74 A) derived from 3 RSP motifs (RSP ''A,'' ''Dr,'' ''Q'') conferring a protective effect among antisynthetase/anti-Jo-1-positive patients. We also identified a novel DRB1*15 derived motif (RSP ''a'') in the antisynthetase and anti-PL-7 analyses that distinguished MSApositive from MSA-negative patients. In fact, the RSP ''a'' motif is a protective factor among MSA-negative patients compared to healthy control subjects. Our discovery of many protective alleles and motifs for certain autoantibody groups is also informative. We use the term ''protective'' here as an operational definition whereby a statistically significant increase in the frequency of a genetic marker is observed in the control compared with the respective patient group. The implication is that these observations have a physiologic basis although the underlying mechanisms are uncertain. Similar observations have been described in other human autoimmune diseases; most notably among various risk and protective alleles associated with the shared epitope region in rheumatoid arthritis 15 . One might speculate that risk and protective effects associated with specific HLA alleles may represent differential binding of peptides conferring alternatively autoreactive or favorable immunoregulatory properties. In addition, protective HLA markers might also exist in linkage disequilibrium with other presently unidentified genes responsible for the observed protective effects. Nevertheless, these findings may have important implications for identifying immunogenic peptides that bind these susceptibility and protective factors and either initiate, sustain, or block the immunopathology of myositis.
There are several limitations to our case-control, candidate gene study design including diminished statistical power when comparing smaller subsets of patients, incomplete data for all HLA loci in the total subject population, and the inherent genetic, serologic, and clinical heterogeneity among IIM patients overall. Despite these limitations, our data suggest that in addition to being susceptibility markers for IIM, HLA alleles are markers for different MSA and MAA serogroups and possibly relate to divergent pathogenic mechanisms. These variations in associated HLA polymorphisms may reflect responses to different environmental triggers that ultimately result in the tissue pathospecificity and the distinct clinicopathologic syndromes of the IIM. Our findings are consistent with studies of other autoimmune disorders that have identified differing genetic risk factors for a given disease and its varying phenotypes 10, 30, 32, 38 .
In summary, our findings support the case that immunogenetic associations seem strongest for subgroups of patients defined by disease-associated immune responses rather than by clinicopathologic features. Additionally, most autoantibody groups have a distinct genetic signature, sometimes defined by the presence of both risk and protective factors. Autoimmune diseases are heterogeneous syndromes and likely comprise multiple entities or elemental disorders, each of which appears to develop from the interaction of the necessary and sufficient genetic and environmental risk and protective factors, which trigger pathologic events that ultimately culminate in a particular sign-symptom-laboratory complex 2, 8, 30, 43 . Distinct immunogenetic features associated with the specific clinical and/or serologic group(s) of the IIM may be due to various gene-environment interactions, which result in different immune responses that are collectively reflected in the many phenotypes of the myositis syndromes.
